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Evidence has been presented indicating th a t th e action of concentrated solutions of salts on bacterial respiration m ay be p artly explained in term s of salting-out. I t has been suggested th a t th e m aterial upon which this action is exerted is probably one of th e proteins concerned in respiration, perhaps a dehydrogenating enzyme. This theory provides satisfactory explanations for: (a) th e relation betw een salt con centration and rate of respiration or dehydrogenase activ ity ; (b) th e effect of tem p eratu re on this relation; and (c) th e effect of p H on this relation, if it is fu rth er supposed th a t only th e zw itterionie fraction of th e protein is involved.
The relative actions of various salts are in fair agreem ent w ith th is suggestion, b u t provide no very convincing evidence either for or against it.
The chief point of difficulty lies in th e range of concentration over which th e action is m anifest. W ith halophilic bacteria, th e evidence is consonant w ith th e above view if th e protein involved is one of high m olecular weight. W ith norm al organism s th e salt concentra tions are m uch lower th a n those causing salting-out.
There is a little evidence th a t in norm al organism s th e dehydrogenating enzymes are less sensitive to salts th a n th e in ta c t cells, which m ay be th e source of th e discrepancy. No reason for this can y et be suggested, b u t th e pro p erty m u st be absent from th e enzym es of halophilic organisms, an d w hatever it is, its absence m u st be th e foundation of th e halophilic character.
I n t r o d u c t io n
In the course of an investigation already published (Ingram 1939) , dealing with the action of salts on bacterial respiration, it was noticed that there was an apparent similarity between this action and their influence on the solubility of dissolved proteins. It has since been found that this similarity is more than superficial, and the purpose of the present paper is to describe it in more detail.
To permit numerical treatment the comparison is carried out on the basis of a hypothesis regarding the way in which salts act on bacterial respiration, and various types of evidence are then examined in relation to this hypothesis.
It should be said at the outset that the hypothesis is at present incomplete, and points may occur to the reader which can be reconciled to it only with difficulty. The author hopes that consideration of the most important of these may be found later in the text. The hypothesis is retained despite its limitations, since it enables the comparisons to be presented on a logical basis. It is presented in the hope that it may contribute to the final explanation of the mechanisms by which some organisms are apparently able to find a congenial habitat in highly concentrated salt solutions.
Many substances are only sparingly soluble in concentrated solutions of salts; and consequently they are in part precipitated when a sufficient amount of a salt is added to their solutions. This phenomenon is known as ' salting-out '. It has been shown in recent years (see, for example, Cohn 1925 Cohn , 1935 ) that the process is gradual and regular, and that within an appropriate range of concentrations of salt the relation between the quantity of substance in solution and the concentra tion of the salt is
where S -the solubility of the substance in question, I = the ionic strength of the solution, and /? and K are constants for a given substance and a given salt.* Relations of essentially the same form have been shown to apply to gases, non electrolytes, amino-acids and proteins. During an investigation of the respiration of bacteria in strong salt solutions, it was found that an equation of the same form as (1) could be used to relate the rate of respiration to the concentration of salt in the solution in which the cells were suspended. The equation was log R = where R = the rate of respiration in any units, c = the molar concentration solution, and A and B are constants for a given bacterium and salt; the value of A depends of course on the units in which respiration is expressed.
It will be shown below that the resemblance between the two systems just mentioned extends beyond the mere form of the equations.
The hypothesis, which will be used as a basis for comparison between them, involves two simple assumptions: (a) that the rate of consumption of oxygen is proportional to the concentration of some substance in solution inside the cell, and (6) that the solubility of this substance in salt solutions follows the salting-out law. Certain extensions of these simple assumptions will be suggested later. * T he ionic stre n g th I is defined as , w here c is th e m olar concentration an d z th e valency of each ion, th e sum m atio n being carried o u t for all th e ions in th e solution. In th is eq u atio n , th e so lubility m ig h t be expressed in term s of 1000 g. w ater, in w hich case th e ionic stre n g th ji w ould be calculated from th e m olal concentrations of th e ions. F o r present purposes it does n o t m u ch m a tte r w hich procedure is a d o p te d ; so th a t except w here otherw ise s ta te d , calculations will be m ade on a volum e basis in th is p ap er for th e sake of convenience.
From the two assumptions, the following relations may be derived immediately:
which is of the form log R -A -Be, if
B = K(I/c)(6)
and A =log a + /3, (7)
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where R = the rate of consumption of oxygen in any units, S = the solubility of the respiratory controlling substance in any units, a proportionality constant, the magnitude depending on these units, and /?, K and I are as in equation (1). The application of these relations provides a means of interpreting the respiratory data in terms of the theory of salting-out, and it will now be shown that they account satisfactorily for some of the experimental data.
1. T h e f o r m o f t h e r e l a t i o n b e t w e e n r e s p i r a t i o n AND SALT CONCENTRATION It was in the course of a study of the respiration of Bacillus cereus in strong salt solutions (Ingram 1939) that it was first observed that the rate of absorption of oxygen could be related to the concentration of salt present by equation (2) quoted above. This relation was found to hold for a variety of salts, with appropriate modifications of A and B (compare figure 1) . In order to discover whether this was "3 100 m olar co n cen tratio n of salt F ig u r e 1. R a te s of endogenous resp iratio n b y cells of B . cereus suspended in solutions of certain m etallic chlorides.
a unique property of B. cereus, a search was made in the litera could be used to test equation (2). Such data were found to be scanty, so that additional investigations with other organisms were made.
The earliest useful observations were those of Brooks (1919) on the respiration of another Gram-positive sporing aerobe, B. subtilis. They are plotted on figure 2, and equation (2) 
P--------
m olar concen tration of sodium chloride respiratory activity can be related to the concentration of salt present by equa tion (2).
A somewhat similar species, Micrococcus subjlavescens, was isolated by the writer from cured meat, and behaved like Sarcina lutea (figure 3). Two species were then chosen to exemplify the large group of Gram-negative non-sporing rods. A strain Salt action on bacterial respiration and protein solubility 185 m olar c o n cen tratio n of sa lt 4. R ates of resp iratio n b y E . c in th e presence of buffered glucose a n d salts (from th e d a ta of N icolai 1926).
F ig u r e 5. T he ra te of endogenous resp iratio n b y E . coli, in relatio n to th e p H of th e m e n stru u m (com piled from original d a ta ; com pare In g ram 1940a).
of Pseudomonas fluorescens was isolated by the author from putrefying pork, and its respiration was found to obey equation (2) in sodium chloride solutions (figure 3) (Ingram 1937 a). The respiration of another member of this group, coli, had been measured in salt solutions by Nicolai (1926) , and the data which he gave did not appear to agree with equation (2) (figure 4). It has been shown, however, that these data are misleading, in that the cells were suspended in phosphate buffer at about the optimum pH and salts were then added without any account being taken of the greater acidity which this brings about. The respiration of E. coli is very sensitive to changes of pH, especially on the acid side of the pH optimum (cf. figure 5) ; and a careful reinvestigation of Nicolai's system has demonstrated that when one allows for the changes in pH, equation (2) holds also for E. coli (Ingram, 1940a) 
m olar co n cen tratio n of sodium chloride F ig u r e 6. The influence of p H on th e relatio n betw een th e ra te of endogenous respiration b y cells of E . coli a n d th e co n cen tratio n of sodium chloride in th e solution in w hich th e y are suspended (from In g ra m 1940 a).
It seems, then, that in all those cases so far sufficiently elucidated, which include a fair diversity of bacterial types, respiration and salt concentration are related by an equation of the form of equation (2), as the hypothesis requires.
2.
T h e v a l u e s o f t h e c o n s t a n t s
The hypothesis led to the relations
and A = log a+ / (7) Because of the impossibility of evaluating log a, which depends on the units in which the quantities are measured, equation (7) cannot be made to give useful numerical comparisons. Equation (6), on the other hand, implies a simple direct relation between B and K.
Values of the salting-out coefficient have already been published for a variety of proteins and collected by Cohn (1935) . Values for some other substances can be deduced approximately from activity measurements; for Randall & Failey (1927) assembled data relating to gases and non-electrolytes, which show that their activity coefficients are related to the ionic strength of the solution in which they are dissolved by the equation
or, since the activity coefficient y is inversely proportional to the solubility
log f = O 2 (10) equations (9) and (10) are practically the same, so that the constant determined from equation (8) It will be evident from the figures given in table 1 that the coefficients for non electrolytes have values appreciably lower than those derived from respiration; and as the constants k and B are both logarithmic ex siderable difference of behaviour in the two cases.
M. Ingram When, however, one compares the values of B with the salting-out coefficients for various proteins (which is done in table 2) so far as directly comparable figures are available, it is evident that the two sets of coefficients are of the same order of magnitude. There is naturally a good deal of variation from one type to another, the range of variation being similar in both sets of values. The influence of the nature of the salt on this variation will be considered later, in § 5.
Thus the evidence of the data summarized in tables 1 and 2 suggests that the hypothetical substance controlling respiration is most aptly regarded as a protein; and from now on the discussion will be conducted on this basis. A number of additional reasons for neglecting the possibility of influence by non-electrolytes will be noted in § 7.
T h e e f f e c t o f t e m p e r a t u r e
It has been shown that the value of the salting-out coefficient K for proteins does not vary with temperature (Cohn 1925; Green 1931a) . If, as our hypothesis suggests,
the value of the coefficient B, calculated from respiratory data, should also be independent of temperature, as the value of I does not vary appreciably with temperature.
With Bacillus cereus the temperature coefficient of respiration is independent of the concentration of sodium chloride, so long as this is greater than about 0-5 m (i.e. is great enough to cause partial inhibition of respiration) (figure 7). This conclusion is based on my own observations (Ingram 19406) , but the few relevant data accumulated by other workers point in the same direction. It does not depend on the precise way in which the temperature coefficient is calculated. The observations which showed that this temperature coefficient is independent of salt concentration also prove that the coefficient B is independent of tem perature.
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reciprocal of ab so lu te te m p e ra tu re x 103 F ig u r e 7. T he influence of sodium chloride on th e te m p e ra tu re coefficient of endogenous resp iratio n b y B . cereus (from In g ram 19406).
The calculation bearing out this inference is as follows. The observations upon the temperature coefficient may be expressed in the form
where the suffixes cl5 c2, tx,t2 indicate rates of respiration in s concentrations cx or c2 of sodium chloride, at temperatures or t2. Therefor regardless of the form of f(tx,t2) (i.e. of the way in which the temperatur is expressed). Therefore L ^c2J i.e. B is independent of temperature. Since, as has been mentioned above, the value of the salting-out coefficient K has been proved to be independent of temperature, at any rate in the case of proteins, it follows that the behaviour of the respiratory coefficient B is just such as would be expected if it were related to K by a direct relation such as
which the hypothesis indicates.
In the salting-out equation, the constants /? and K behave differently when the pH is changed. K remains constant; this has been shown for fibrinogen (Florkin 1930) and for haemoglobin (Green 1931a) . /?, on the other hand, passes through a minimum at the isoelectric point, which is an expression of the changing physical state of the protein consequent upon ionization (Cohn 1935) .
(а) According to equation (6), the hypothesis indicates that K in the saltingout equation (1) is directly related to B in the respiratory equation (2): thus B should be independent of pH. This has been found to be the case, working with either Escherischia coli or Bacillus cereus suspended in sodium chloride solutions (Ingram 1940 a) (compare figures 6 and 8). The behaviour is, then, in complete agreement with the present theory.
(б) In addition, it is possible to compare the responses of A (from equation (2)) towards variation of pH with those of /? (equation (1)). From the initial assumptions was derived the relation A = log a + /?,
A -/? = log a.
Values of /? for various pH's have been measured, for ovalbumin (Cohn (1925) , from data of Sorensen & Hoyrup (1917) ) and for horse carboxyhaemoglobin (Green 19316) . These values of /? exhibit approximate symmetry about the isoelectric point of either protein, passing through a sharp minimum which is a reflexion of the reduced solubility of the protein at its isoelectric point. On the other hand, the values of A derived from bacterial respiration are symmetrical about a maxi mum value, corresponding to the pH of optimum respiration. It has been sug gested by Michaelis & Davidsohn (1910) that such a pH optimum corresponds to the isoelectric point of some enzyme protein. Consequently, one might expect the variations of /? about the isoelectric point to be related to those of A about the pH of optimum respiration.
8-25\5-5
m o lar co n c e n tra tio n of sodium chloride F ig u r e 8. T he influence of p H on th e relatio n betw een th e ra te of endogenous resp iratio n b y cells of Bacillus cereus a n d th e co n cen tratio n of sodium chloride in th e solution in w hich th e y are suspended (from In g ra m 1940a).
Unfortunately, there are difficulties in making such a comparison. Adequate data for solubility have been published only for the two proteins named above; and the isoelectric points of these proteins do not correspond precisely with the pH optima of respiration by the bacteria investigated. Furthermore, the nature of the respiratory substances involved is not precisely known. It is only possible in these circumstances to make a rough comparison by arraying values of A and /? in relation to the appropriate isoelectric points supposed; and to regard as equivalent, values corresponding to pH's equally removed from them. This is done in table 3. It happens that the isoelectric point of the carboxyhaemoglobin lies close to the pH of optimum respiration by B. cereus, so that these two appear reasonably analogous: the values of A -ft obtained by com are given in table 1. It is clear that A -f t , and hence log far from constant, passing through a pronounced maximum at the central pH. The comparison between Escherischia coli and ovalbumin is less satisfactory, on account both of the wide difference between the ranges of pH involved in the two systems, and of the relative unreliability of the extreme values for /? for ovalbumin. Nevertheless, the general picture is exactly the same, log a passes through a maximum value. figure 1 ).
It will be remembered that a was taken as the factor of proportionality between the rate of respiration and the amount of respiratory substance in solution. Since log a is plainly not independent of pH, this simple picture requires amplification if it is to take account of changes in pH.
It may be supposed that if there is a certain quantity of this substance in solution at the optimum pH, its quantity diminishes by a fraction x when the pH is altered. If this is so, a is only an apparent factor of proportionality at any pH not the optimum, related to the true factor a by the identity
or log a = log a + log x.
If x is measured as the percentage of the quantity of material which is active at the optimum pH, at this pH log x = 2-00, and from the appropriate value of log a, log a can be derived. Since log a is ex hypoth c this enables the values of log x to be calculated at pH's other than the optimum: this is done below in table 4. This table shows that, as would be expected, the value of x follows that of log a in attaining a maximum at the central pH.* One is therefore led to inquire whether there might be some fraction of the respiratory substance, the amount of which varies with pH and passes through a maximum at the pH of optimum respiration. The suggestion of Michaelis & Davidsohn (1910) immediately springs to mind, that if a pH optimum is equivalent to the isoelectric point of some enzyme protein, the fact that it is an optimum may be explained if only the zwitterionic fraction of the protein takes part in the enzyme * I t m a y be n o te d in passing t h a t a lth o u g h it has been assum ed above th a t all th e resp ira to ry su b stan ce is activ e a t th e o p tim u m p H , th is assu m p tio n is n o t essential. T he deductions w ould be sim ilar, even if only a sm all p ro p o rtio n of th e m aterial actu ally in solution were active, so long as th is p ro p o rtio n reach ed its m axim um a t th e o ptim um p H .
system. This view may be regarded as consistent with the estimates of the magni tude of this fraction given in table 4, if one bears in mind the possibility of dis similarity between the respiratory proteins and the proteins used for the work on solubility. B . cereus-haem oglobin -log a -2 1 7 -1*37 -1 1 3 -1 * 4 7 -2 -4 7 log a -3 -1 3 -3 1 3 -3 * 1 3 -3 -1 3 -3 1 3 log 0-96 1-76 2-00 1-66 0-66 X 9-0% 5 8 % 100% 4 6 % 4*6%
Salt action on bacterial respiration and protein solubility T a b l e 4. V a r i a t i o n , w h e n t h e pH is c h a n g e d , o f t h e p r o p o r t i o
E . coli-ov album in -/? = log a -6*5 -5 -4 7 -4 -6 5 -5 * 3 2 -6 -4 log a -6 -6 5 -6*65 -6 -6 5 -6 -6 5 -6*65 log X 0-15 1*18 2-00 1-33 0-25
V alues of A -ft ta k e n from ta b le 3 above.
It is reasonable to believe, then, from the evidence just given, that the rate of respiration might be proportional to the amount in solution of the zwitterionic form of some protein, which acts as the enzyme controlling respiration. This viewpoint does not conflict with the simple assumptions given previously, but merely enlarges them. At constant pH, the fraction in the zwitterionic form remains sensibly constant, and is proportional to the total quantity of protein whether in or out of solution. When the pH changes, alteration in the proportion of zwitterions does not change the value of K, and should not therefore change that of B and in fact does not; the value of A is changed, and this is accounted for satisfactorily.
In the preceding sections a number of experimental observations have been reviewed, which can be harmonized by supposing that the rate of respiration in bacteria is controlled by the zwitterionic form of some respiratory protein, and that in strong salt solutions some of this protein is salted out from solutions according to the usual law and thereby rendered inactive. At all points the experi mental evidence has conformed with expectation. Now follow observations which cannot be completely accounted for on this basis.
T h e r e l a t i v e e f f e c t s o f d i f f e r e n t s a l t s
Although the respiratory relation has been demonstrated in the main by the use of sodium chloride, there is no doubt that in many cases it holds for other salts as well. The data of Brooks (1919) prove that equation (2) is valid for CaCl2 and MgCl2; and the writer has found in addition that it is applicable with KC1, LiCl, Na2S0 4 and Na3 citrate. In cases of salts for which the relation was not found Vol. 134. B 13 to hold (NH4C1, CeCl3 and La(N0 3)3), it was certain that the true relation, what ever it may have been, was completely obscured by the effects of changes of pH with increasing concentration of the salts (Ingram 1939) .
According to the salting-out law, the effect of a strong solution of an electrolyte is commensurate with its 'ionic strength' rather than its concentration. The ratio between concentration and ionic strength varies widely among salts of different valency types, as indicated in table 5. If, therefore, comparison of the salting-out effects of different salts is made on the basis of ionic strength rather than molarity, the effects of all salts should appear much more nearly the same. This is, in fact, the case; but even so, considerable differences remain between the various salts, owing to the distinctive Hofmeister effects of the various ions.
T a b l e 5. E x a m p l e s o p t h e r e l a t i o n b e t w e e n i o n i c s t r e n g t h a n d When a similar transposition is carried out with the respiratory data, the same thing happens. The differences among the various salts are diminished to an extent which practically brings all those investigated within the range of variation embraced by KC1 and LiCl (table 6) . Moreover, if one compares the variations in the value of K for different salts with those of B for the same salts, there is a parallelism between them as far as the comparison can be extended for lack of data (table . 7). That is to say that the Hofmeister effects of the various salts seem to be exerted to similar relative degrees in salting-out and respiration.
T a b l e 7. H o f m e i s t e r e f f e c t s i n r e s p i r a t i o n a n d s a l t i n g -o u t The existence of this large Hofmeister variation between the effects due to different ions unfortunately makes it difficult to compare their relative effects on respiration and salting-out very closely. In some instances it could equally well be supposed that the effects of salts on respiration depend purely on the molar concentration of the cations: for example, the relative effects of NaCl: Na2S0 4 : Na3 citrate might reasonably be explained on the basis of equal Na+ content, the appropriate values of B being 0*68, 0-63 and 0-53 respectively. (A longer discussion of this point is given in Ingram (1939) .)
A little further evidence may be gathered from the effects of salts in combination. The concept of ionic strength used in the salting-out equation demands additive effects of both cations and anions alike. It has been found that in mixtures of salts the effect of concentrations high enough to cause inhibition of respiration is additive, no antagonisms being noted (Ingram 1939) . Winslow & Haywood (1931) have shown that the same thing happens when salts depress the viability of Escherischia coli.
Because of the difficulties mentioned above, further investigations of salting-out and respiration seem desirable, using a wider variety of salts so as to differentiate more clearly between the effects of ionic strength and molar concentration. It is unfortunate that this differentiation does not become crucial except with salts of the higher valency types; and for the reasons previously given it is precisely with salts of this kind (e.g. CeCl3) that it is most difficult to secure valid data.
T h e c o n c e n t r a t i o n o f s a l t i n v o l v e d
In making the comparison between inhibition of respiration and salting-out, one obvious difference has so far not been considered. For the salting-out of proteins, large concentrations of salts are required, whereas many bacteria are sensitive to quite moderate concentrations. The difference is clearly seen if one contrasts the range of ionic strength over which the salting-out law holds for proteins with that over which the corresponding respiratory relation can be applied to bacteria. This is done in table 8.
In all cases, the range is over high ionic strengths for salting-out. Broadly speaking, the larger the molecule of the protein the lower the range involved; but even in the case of fibrinogen, which gives the lowest range of any protein yet investigated, the salting-out law is only applicable at ionic strengths greater than 1*5. With some bacteria, the logarithmic respiratory relation holds over a corre sponding range of concentrations. These bacteria are the halophiles, like Sarcina lutea and Micrococcus subflavescens in table 8. To such organisms, the previous hypothesis appears to be applicable without reservation, although it has yet to be proved that their respiration is equally resistant to salts other than sodium chloride.
With more 'normal' organisms, however, the range of concentrations is very much lower (e.g. Escherischia coli and Bacillus cereus above), and the hypothesis does not account for this difference. The following factors could conceivably account for i t : (a) the internal salt concentration might be higher than that outside the cells, (6) in normal organisms the respiratory proteins might be of unusually large molecular size.
(a) The present writer has made attempts to determine the concentrations of salt in the interior of cells suspended in strong sodium chloride solutions. Because of the technical difficulty of making these determinations, baker's yeast was used for the earlier experiments, as the large regular and nearly spherical cells were relatively easy to manipulate, and theirvolume could be estimated fairly accurately. The respiration of this organism is 'normal' in its reaction towards sodium chloride, i.e. it is almost completely inhibited by concentrations as great as 2 m . It was found that, in such solutions the interior concentration of salt, although sur prisingly high was not larger than the exterior concentration, but on the contrary only about half as great (Ingram 1938a) . The magnitude of the interior concen tration was partly the result of loss of water from the cells by plasmolysis, as their volume was roughly halved by exposure to the 2 m salt solution (Ingram 1937c) .
The procedure was then repeated with Bacillus cereus, the organism used in the studies of respiration. Because of the smaller size and irregular shape of the cells it was very difficult to measure their volume, and the results were correspondingly inaccurate. The same general conclusion was, however, indicated: the average concentration of salt inside the cells appeared to be substantially less than that outside (Ingram 1938a) . In this case, concentration due to removal of water was less than with yeast, as the volume diminished only by about 20 % in 2 m salt solution.
So far as the writer is aware, no other attempts have ever been made to measure the interior concentration of salts in bacterial cells suspended in strong salt solutions. On the basis of the experiments just described, it thus at present seems unlikely that the interior concentration of salts could be high enough to explain the apparent difference between salting-out and respiration. It is to be remembered, of course, that it has only been possible to estimate the average concentration of salts inside the cell; whereas there is reason to believe that the respiratory mechanism may be localized at some phase boundary which might also cause local alteration of the salt concentration, of which the average salt concentration may not be a reliable index. This leads to consideration of the next factor, the physical state of the respiratory protein.
(6) In most organisms respiring under normal conditions the rate of respiration is controlled by the activity of the dehydrogenating systems: this is shown, for example, by Keilin's observation (1929) that the rate of respiration by yeast cells is proportional to the rate of reduction of their cytochrome as determined spectro scopically. Quastel & Wooldridge (1927) first proved that these enzymes are sensitive towards salts; and the writer has shown that the changes in the respira tion of Escherischia coli when salts are added may be probably attributed to this cause, since the activity of one of the respiratory enzymes (lactic dehydrogenase) was found to be related to salt concentration by the same kind of rule (2) as holds for respiration (Ingram 19376) . It is natural, therefore, to identify the hypo thetical respiratory protein with an enzyme of this type. In a few instances, such enzymes have been prepared in a fairly pure state, and although hardly any careful observations of their solubility in salt solutions have been made, certain general conclusions can be inferred.
In the majority of these preparations the enzyme has been associated with large particles imperfectly soluble even in buffer solutions, so that it would be expected that they would be salted out by relatively low concentrations of salts; examples of this type of preparation have been the formic dehydrogenase of E. coli (Stickland 1929) , the lactic dehydrogenase of Neisseria gonorrhoeae (Barron & Hastings 1933) , and the succinic (Ogston & Green 1935 ) and a-glycerophosphoric (Green 1936 ) dehydro genases of animal tissues. In the few cases in which a greater degree of purity has been achieved, the preparations have had a higher solubility: for example, the lactic dehydrogenase of E. coli is only partly precipitable (Stephenson 1928) , the alcohol dehydrogenase of yeast is about 90 % precipitated by half-saturated ammonium sulphate (Negelein & Wulff 1937) , while the lactic dehydrogenase of yeast is stated to be soluble in salt solutions (Green 1940 , quoting Dixon & Zervas 1939 .
It seems probable from these observations that although the actual active groups of the enzymes may be of moderate molecular size, they are associated in the living cell with much larger particles which are correspondingly less soluble in salt solutions.
It has, in fact, been proved directly that a bacterial respiratory enzyme may be more sensitive to salts in the living cell than it is when isolated (Ingram 19386) . The activity of the lactic dehydrogenase of the E.
was measured in solutions with various concentrations of sodium chloride, and the enzyme was used in three forms-intact washed cells, crude autolysate, and a preparation purified by pre cipitation with ammonium sulphate. In each case the activity was found to be related to salt concentration according to the 'salting-out' law (2), the values for the exponent B being always about the same; but the concentration range over which the law was applicable, and the value of the constant were progressively greater the greater the purity of the enzyme. Data are given in table 9. This suggests that the activity of the various preparations of the enzyme is influenced by salts in a similar way to their solubility: with increasing purity and diminishing molecular size, both activity and solubility are less influenced by salt solutions. Further, since the constant A in table 9 is supposed to reflect changes in the value /? in the salting-out equation (1), the type of behaviour shown in table 9 may be linked with Cohn's belief (1935) that the value of the constant /? is related to the physical condition of the protein.
All these observations refer of course to tissues with normal respiration, inhibited by moderate concentrations of salts; so far as the author is aware, no corresponding work whatever has been done with halophilic organisms, in which the enzymes are resistant to salts even in the living cell. It will be clear that until much more experimental data have been accumulated it is impossible to evaluate properly the importance of salting-out phenomena in affecting the activity of these enzymes.
All that can be said is that past observations are not inconsistent with the hypo thesis that the effects of salts on respiration might result from their ability to change the activity of respiratory dehydrogenases.
S o m e p o s s i b l e o b j e c t i o n s
As a similar salting-out rule applies to gases and to non-electrolytes, it might appear likely that the salting-out of such substances could bring about effects similar to those just described; so it is natural to inquire whether changes in the solubility of the respiratory gases, or of a substrate like glucose or its degradation products, might lead to a relation of the type observed. It was, however, shown in § 2 that the constants derived from the respiratory equation (2) are too great to encourage the view that changes in the solubility of non-electrolytes are involved, and a number of further arguments against it may now be given.
The constant B of the respiratory equation was independent of tem and pH, and the values for various salts differed according to the Hofmeister series. The corresponding constant k from measurements of gaseou possess these properties: the various ions do not exhibit the Hofmeister series (compare potassium and barium chlorides in table 1), and its value diminishes with rise of temperature and shows no consistent relation to pH (Randall & Failey 1927) . The smallness of the constant k expresses the fact that salts change the solubility of gases only slightly, whereas there are several reasons for believing that even quite large changes in gaseous tension would not have influenced the measure ments of respiration quoted previously. For example, with most bacteria the oxygen tension may be reduced greatly without much affecting the rate of respiration (Sarcina lutea, Gerard & Falk 1931; Escherischia coli, Kempner 1937; Micrococcus candicans, Warburg & Kubowitz 1929; Bacillus cereus, Ingram, unpubl.) . Measure ments of respiration must in fact be made under conditions such that the rate is not affected by changes of gaseous tension (compare Dixon 1934) , and this pre caution was observed in the experiments of Brooks (1919) , Rubinstein (1932) and myself. Finally, it may be mentioned that an equation of the salting-out type has been demonstrated with the Thunberg-tube technique, where gaseous exchange did not take part (Ingram 19376) .
Similar considerations discount the possibility of influence by the salting-out of a respiratory substrate, such as glucose which is often added to augment respira tion. The salting-out constant for glucose is rather low (table 1) and would probably be lower still for its degradation products (compare succinic acid in table 1); while the rate of respiration is nearly independent of glucose concentration unless this is small, and in the relevant experiments (Brooks 1919; Nicolai 1926; and Rubin stein 1932) concentrations were used sufficiently high not to limit respiration. It is noteworthy that the salting-out relation holds equally for endogenous respiration in the absence of external substrate (Ingram 1939, etc.) . Finally, it was shown by Debye & McAulay (1925) that the solubility of glucose falls steadily with increasing concentration of salts, even if this is small, whereas bacterial respiration is acceler ated by dilute solutions of salts.
It thus seems very improbable that changes in the solubility of respiratory gases or substrates would bring about alterations of respiration like those observed with bacteria in strong salt solutions, and one is led to seek an explanation in terms of action on the respiratory mechanism itself.
D i s c u s s i o n
Most of the observations described in the preceding sections of this paper can be harmonized with the view that the influence of strong salt solutions in reducing respiration is exerted through the precipitation of some protein concerned therein; and we have seen that there is a likelihood that the protein may be one of the dehydrogenating enzymes. This hypothesis accounts for the form of the relation between rate of respiration and salt concentration and the numerical values of the constants involved, and also for the effects of pH and of temperature. Two particular points, however, remain outstanding.
The first is that it is not yet certain whether the relative effects of different salts are or are not in agreement with this idea. It is unfortunately difficult to be sure, without using salts of the higher valency types to determine whether the effect is due to the combined ionic strength of both ions of the salt or to the cation alone. One hope of resolving the problem would appear to lie in the measurement of rates of respiration in solutions of complex salts like cobaltammines of different valency types but with similar structures, paying special attention to the higher members of the series which have large ionic strengths. A further test would be provided by experiments made with salts used at pH's on opposite sides of the optimum pH. This is supposed to represent the isoelectric point of the protein concerned; there fore, if the effects of salts depend on the cations, inhibition of respiration should vary with the nature of the cation only on the alkaline side of the optimum p H ; if on the other hand the effect depends on the ionic strength of the salt, cation and anion will both play similar parts on either side of the optimum.
The second, and major, difficulty lies of course in the very different ranges of salt concentration required to diminish the respiration of normal organisms and to reduce the solubility of proteins. It has been indicated, however, that with increasing degrees of purification the behaviour of respiratory enzymes towards salts approximates more and more to that of proteins generally. It may be sug gested, therefore, that the discrepancy may result from the unusual physical state of the enzyme in the intact cell, but it is obvious that much more experimentation is needed before this can be more than a suggestion. The type of observation required is measurement of the solubilities of various respiratory enzymes in salt solutions, using diverse types of enzyme preparation, and correlating the solu bility with the physical state of the enzyme and its activity. A comparison between similar enzymes from normal and halophilic organisms would be especially valuable, since in halophiles the enzymes resist salts even vivo, so that they may perhaps be involved in smaller molecular aggregates than in the case of normal cells. Whatever the cause of this difference, it is clearly of fundamental importance to the understanding of the halophilic mode of life. This paper is published by permission of the Food Investigation Board of the Department of Scientific and Industrial Research.
